Kv2 family "delayed-rectifier" potassium channels are widely expressed in mammalian neurons. Kv2 channels activate relatively slowly and their contribution to action potential repolarization under physiological conditions has been unclear. We explored the function of Kv2 channels using a Kv2-selective blocker, Guangxitoxin-1E (GxTX-1E). Using acutely isolated neurons, mixed voltage-clamp and current-clamp experiments were done at 37°C to study the physiological kinetics of channel gating and action potentials. In both rat superior cervical ganglion (SCG) neurons and mouse hippocampal CA1 pyramidal neurons, 100 nM GxTX-1E produced near-saturating block of a component of current typically constituting ϳ60 -80% of the total delayed-rectifier current. GxTX-1E also reduced A-type potassium current (I A ), but much more weakly. In SCG neurons, 100 nM GxTX-1E broadened spikes and voltage clamp experiments using action potential waveforms showed that Kv2 channels carry ϳ55% of the total outward current during action potential repolarization despite activating relatively late in the spike. In CA1 neurons, 100 nM GxTX-1E broadened spikes evoked from Ϫ70 mV, but not Ϫ80 mV, likely reflecting a greater role of Kv2 when other potassium channels were partially inactivated at Ϫ70 mV. In both CA1 and SCG neurons, inhibition of Kv2 channels produced dramatic depolarization of interspike voltages during repetitive firing. In CA1 neurons and some SCG neurons, this was associated with increased initial firing frequency. In all neurons, inhibition of Kv2 channels depressed maintained firing because neurons entered depolarization block more readily. Therefore, Kv2 channels can either decrease or increase neuronal excitability depending on the time scale of excitation.
Introduction
Mammalian neurons express multiple types of voltage-gated potassium channels that activate with different voltage dependence and kinetics and together enable a wide range of firing patterns (Hille, 2001; Trimmer and Rhodes, 2004; Vacher et al., 2008; Johnston et al., 2010) . Among the most widely expressed potassium channels in neurons of the mammalian brain are Kv2 family channels (Trimmer, 1991; Hwang et al., 1993; Scannevin et al., 1996; Du et al., 1998 Du et al., , 2000 Guan et al., 2007) . Kv2 channels produce "delayed-rectifier" currents that activate more slowly than many other voltage-dependent potassium channels, including most Kv1, Kv3, and Kv4 family channels. Knock-down of Kv2 with antisense or dominant-negative expression has suggested that Kv2 channels are activated only minimally during single action potentials in cortical or CA1 pyramidal neurons (Du et al., 2000; Guan et al., 2013) , but can contribute significantly to repolarization of wider action potentials in sympathetic neurons (Malin and Nerbonne, 2002) . In both CA1 and sympathetic neurons, loss of Kv2 disrupts maintained repetitive or tonic firing (Du et al., 2000; Malin and Nerbonne, 2002; Guan et al., 2013) , an effect seen also with computer modeling of neuron firing in the medial nucleus of the trapezoid body (Johnston et al., , 2010 . The function of Kv2 channels is of particular interest because of highly plastic expression (Misonou et al., 2005; Nataraj et al., 2010; Fox et al., 2013) and strong modulation by multiple pathways (Mohapatra et al., 2007; Cerda and Trimmer, 2011; Plant et al., 2011; Steinert et al., 2011) .
A long-standing problem in studying the function of Kv2 channels is a lack of a high-selectivity blocker. Hanatoxin and stromatoxin are both effective inhibitors of Kv2 channels, but also potently inhibit Kv4-mediated A-type (I A ) current (Swartz and MacKinnon, 1995, 1997; Escoubas et al., 2002) . Stromatoxin can be used effectively to characterize Kv2 channels in voltage-clamp experiments, where effects on I A can be minimized using appropriate voltage protocols (Guan et al., 2007) . However, the lack of selectivity precludes its use in current-clamp experiments studying excitability, where such strategies are impossible. Recently, Herrington et al. identified a peptide toxin from the venom of the Chinese tarantula Plesiophrictus guangxiensis as a potent inhibitor of Kv2 family channels, with a half-blocking concentration of 2-5 National Can Company) to allow optimal series resistance compensation without oscillation. The resistances of the pipettes were 1-4 M⍀. Seals were formed in Tyrode's solution consisting of the following (in mM): 155 NaCl, 3.5 KCl, 1.5 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 glucose, pH 7.4 adjusted with NaOH. After establishing whole-cell recording, cell capacitance was nulled and series resistance was partially (70 -85%) compensated. The cell was then lifted and placed in front of a series of quartz fiber flow pipes attached with cyanoacrylate glue to a rectangular aluminum rod (cross section 1.5 cm ϫ 0.5 cm), the temperature of which was controlled to 38°C using resistive heating elements and a feedbackcontrolled temperature controller (TC-344B; Warner Instruments). The end of the rod and the flow pipes (extending 1 mm from the end of the rod) were lowered just to the surface of the bulk chamber solution, which was locally quickly warmed by the rod; with the temperature of the aluminum rod set to 38°C, the solution exiting from the flow pipes was measured at 37°C (Carter and Bean, 2009 ). All flow pipes were heated identically and continuously, allowing rapid solution changes without fluctuations of temperature. Solutions were changed (in ϳ1 s) by moving the cell from one pipe to another.
Solutions. The standard recording solutions had quasiphysiological ionic composition, with an internal solution consisting of the following (in mM): 140 K aspartate, 13.5 NaCl, 1.6 MgCl 2 , 0.09 EGTA, 9 HEPES, 14 creatine phosphate (Tris salt), 4 MgATP, 0.3 Tris-GTP, pH 7.2 adjusted with KOH and an external Tyrode's solution consisting of the following (in mM): 155 NaCl, 3.5 KCl, 1.5 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 glucose, pH 7.4 adjusted with NaOH. For experiments on sodium current and calcium current, the intracellular solution was Cs based and contained the following (in mM): 122 CsCl, 9 NaCl, 1.8 MgCl 2 , 9 EGTA, 9 HEPES, 14 creatine phosphate (Tris salt), 4 MgATP, 0.3 Tris-GTP, pH 7.2 adjusted with CsOH; the external solution contained reduced sodium to allow optimal clamp of sodium currents and consisted of the following (in mM): 25 NaCl, 128.5 tetraethylammonium (TEA) chloride, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 glucose, pH 7.4 adjusted with TEA OH. Synthetic GxTX-1E (Peptide Institute) was made as 100 M stock solutions in distilled H 2 O; aliquots were stored at Ϫ20°C and diluted immediately before use to minimize oxidation.
Analysis. Current and voltage records were filtered at 5 kHz and digitized at 100 kHz. Analysis was performed with Igor Pro 6.12 (Wavemetrics) using DataAccess (Bruxton Software) to import pClamp data. Reported membrane potentials are corrected for a liquid junction potential of Ϫ10 mV between the internal solution and the Tyrode's solution in which current was zeroed before sealing onto the cell, measured using a flowing 3 M KCl reference electrode as described by Neher (1992) . Voltage-clamp current records were corrected for linear capacitative and leak current by subtracting scaled responses to 5 mV hyperpolarizations delivered from the holding potential. For quantification of inhibition of I A by GxTX-1E, I A was activated by a step from Ϫ90 mV to Ϫ40 mV; to isolate I A , the current evoked by a step from Ϫ70 to Ϫ40 mV (a small inward calcium current remaining after inactivation of the much larger I A ) was subtracted. In action potential clamp experiments in SCG neurons (de Haas and Vogel, 1989; Blair and Bean, 2002) , action potentials were evoked by current injection (50 pA for 500 ms) and then used as the command waveform in voltage clamp. To measure total net outward current during the repolarization phase of the action potential, the current was integrated from the time that net current under control conditions became net outward (near the peak of the action potential) to the time of the trough after the action potential, when net current under control conditions shifted from outward to inward.
In analyzing action potential waveforms, the upstroke velocity was read at the time of maximal change of voltage on the upstroke, and the downstroke velocity was read at the time of maximal change on the repolarizing phase. The trough voltage was read at the time of the most negative voltage in between two spikes. We use the term "trough" rather than "afterhyperpolarization" because, in some cases, the most negative voltage reached between spikes was still positive to the resting potential.
Series resistance was measured from the decay time constant for the capacity transient for a 5 mV depolarization and then feedback compensation for 70 -85% of the series resistance was applied using the amplifier circuitry while also nulling the cell capacitance. Before compensation, average time constant for the capacity transient was 121 Ϯ 6 s for recordings in SCG neurons (n ϭ 65) and 72 Ϯ 5 s in CA1 neurons (n ϭ 56); average series resistance was 7.9 Ϯ 4 M⍀ in SCG neurons and 6.4 Ϯ 0.4 M⍀ in CA1 neurons. With compensation of 70 -85%, the series resistance remaining uncompensated was typically ϳ1-2.5 M⍀. In cells with particularly large potassium currents activated by strong depolarizations, the remaining series resistance would lead to errors in voltage seen by the membrane and the measurements of the voltage dependence of channel activation and channel kinetics were likely affected somewhat by this error. In principle, the series resistance errors could be reduced by using solutions designed to reduce current magnitudes, but we chose not to do this for several reasons. First, we wanted to characterize the currents by voltage clamp under conditions as near to physiological as possible. Second, any ion that might be used to partially replace intracellular potassium has a risk of partially blocking channels in a voltage-dependent manner, whereas increased external potassium is known to alter gating of many potassium channels. In principle, measurements of current versus voltage curves used to calculate the voltage dependence of channel gating could be corrected to account for residual series resistance errors, but in practice, we found that such correction had only small effects on calculated fits (e.g., changing the fitted midpoint for the activation curve in Fig. 2B by Ͻ1 mV and not affecting the slope factor). These effects were smaller than the cell-to-cell variability seen even in cells with smaller currents, in which series resistance errors were small. Therefore, we did not incorporate such correction in the analysis.
Current sensitive to GxTX-1E was calculated by subtracting traces recorded before and after application of GxTX-1E. Current resistant to GxTX-1E was the leak-corrected current remaining in the presence of GxTX-1E.
Data are given as mean Ϯ SEM and statistical significance was assessed using a two-tailed Student's t test, paired or unpaired as appropriate.
Results

GxTX-1E inhibits ϳ80% of delayed-rectifier potassium current in SCG neurons
Previous data based on expression of dominant-negative subunits have suggested a prominent role for Kv2 channels in sympathetic neurons in the SCG (Malin and Nerbonne, 2002) . Therefore, we first tested the effects of inhibiting Kv2 channels by GxTX-1E in rat SCG neurons. To facilitate optimal space clamp and rapid voltage clamp, we used acutely dissociated SCG neurons. Experiments were done at 37°C to explore the kinetics of action potentials and channel gating at a physiological temperature. Figure 1A shows the effect of GxTX-1E on voltage-activated potassium currents in a rat SCG neuron. Application of 100 nM GxTX-1E dramatically inhibited delayed rectifier current and 200 nM GxTX-1E had little further effect. Inhibition of delayedrectifier current by GxTX-1E revealed a prominent inactivating current (Fig. 1A) , as expected from the presence of substantial I A in SCG neurons (Malin and Nerbonne, 2001, 2002) . Consistent with representing I A , the inactivating current remaining in GxTX-1E was eliminated nearly completely by a holding potential of Ϫ70 mV (Fig. 1A, right) . In contrast, the delayed-rectifier current sensitive to GxTX-1E was little different from a holding potential of Ϫ70 mV compared with Ϫ90 mV. Figure 1B shows the effect of GxTX-1E on the voltage dependence of peak outward current during 200 ms pulses delivered from Ϫ90 mV. Of the component sensitive to GxTX-1E, corresponding to a relatively slowly activating, maintained current, 100 nM GxTX-1E seemed to produce nearly saturating effects, because 200 nM GxTX-1E had very little additional effect. In collected results, 100 nM GxTX-1E inhibited peak outward current for a step from Ϫ90 mV to ϩ30 mV to 49 Ϯ 6% of control (n ϭ 10) and increasing the concentration to 200 nM had no further effect (reduction to 51 Ϯ 7% of control, n ϭ 10; p ϭ 0.80 between 100 and 200 nM). In absolute terms, control peak current at ϩ30 mV was 9.7 Ϯ 1.3 nA, peak current in 100 nM GxTX-1E was 4.8 Ϯ 0.9 nA, and peak current in 200 nM GxTX-1E was 5.0 Ϯ 1.0 nA (n ϭ 10).
As evident in the traces in Figure 1A , the peak current remaining in GxTX-1E corresponded mainly to I A . Accordingly, the effect of GxTX-1E on steady-state current at the end of 200 ms steps, when I A had inactivated, was much more complete (Fig.  1C) . Steady-state outward current for a step from Ϫ90 mV to ϩ30 mV (initially 7.6 Ϯ 1.5 nA) was inhibited to 19 Ϯ 8% of control by 100 nM GxTX-1E (n ϭ 10) and to 16 Ϯ 7% of control by 200 nM GxTX-1E (n ϭ 10, p ϭ 0.82 between 100 and 200 nM).
Selectivity of GxTX-1E
In the experiment shown in Figure 1A , the I A at ϩ30 mV that remained in 100 nM GxTX-1E was little affected by increasing the concentration of GxTX-1E to 200 nM, suggesting that the sensitivity of I A to GxTX-1E must be quite weak. We tested the sensitivity of I A to GxTX-1E more directly using steps from Ϫ90 mV to Ϫ40 mV for which rapidly inactivating I A comprised almost all the outward current (Fig. 1D ). GxTX-1E had a weak blocking effect, reducing peak I A by 8 Ϯ 4% at 100 nM GxTX-1E (n ϭ 9) and by 19 Ϯ 8% at 200 nM GxTX-1E (n ϭ 9). Therefore, 100 nM GxTX-1E appears to produce nearly saturating effects on Kv2 current in rat SCG neurons while inhibiting I A relatively little. Effect of GxTX-1E on voltage-activated currents in rat SCG neurons. A, Effect of 100 and 200 nM GxTX-1E on outward currents in a rat SCG neuron evoked by steps from Ϫ90 mV to ϩ30 mV (left) and Ϫ70 mV to ϩ30 mV (right). The membrane was held at Ϫ70 mV for 1 s between the two steps to ϩ30 mV. B, Effect of 100 and 200 nM GxTX-1E on peak outward current evoked from Ϫ90 mV (same cell as in A). C, Effect of 100 and 200 nM GxTX-1E on steady-state outward current (measured at the end of 200 ms steps) evoked from Ϫ90 mV (same cell as in A, B). D, Effect of GxTX-1E on I A evoked by a step from Ϫ90 to Ϫ40 mV. E, Effect of GxTX-1E on sodium current evoked by a step from Ϫ90 mV to Ϫ10 mV. Recording made with internal Cs-based solution and external solution containing 25 mM NaCl, 2 mM CaCl 2 , and 128.5 TEA Cl. Initial fast sodium current is followed by a small sustained calcium current. F, Calcium current evoked by a step from Ϫ50 mV to Ϫ10 mV before and after application of 100 nM GxTX-1E. Same solutions as in E; cell was held at Ϫ50 mV to inactivate sodium current.
At 100 nM, application of GxTX-1E to rat SCG neurons had a small effect on sodium current (Fig. 1E) and none on calcium current (Fig. 1F ). On average, there was a 7 Ϯ 1% reduction in sodium current by 100 nM GxTX-1E (n ϭ 7). There was no discernible effect on calcium current (n ϭ 6) when taking into account slow run-down of calcium current seen even in the absence of toxin application.
Voltage dependence of Kv2 current in SCG neurons
We used block by GxTX-1E to define the voltage dependence and kinetics of Kv2 current in SCG neurons. Figure 2 illustrates the voltage dependence of Kv2 current. Detectable current was first activated at voltages between Ϫ30 and Ϫ25 mV. To define the voltage dependence of steady-state activation, we constructed activation curves using tail currents after 200 ms pulses (Fig. 2B) . The experimental data could be fit reasonably well by a simple Boltzmann curve with a midpoint of 12.9 mV and a slope factor of 6.2 mV (Fig. 2B, red line) . However, the voltage dependence of activation could be fit better by a Boltzmann function raised to the fourth power (blue line), which is consistent with the expectation that opening of channels requires movement of the S4 segments of four subunits and with the classic Hodgkin-Huxley description of voltage dependence of potassium current in the squid giant axon as governed by four independent "n" gates, each obeying a Boltzmann distribution (Hodgkin and Huxley, 1952) .
The voltage dependence of Kv2 current as defined by GxTX-1E subtraction was highly consistent from cell to cell. Figure 2C shows an activation curve constructed from averaged data in seven SCG neurons. The results were quite consistent over cells and the voltage dependence of the collected data was described fairly well by a simple Boltzmann curve constructed from the averaged midpoints and slope factors of the individual cells, with a midpoint of Ϫ13.1 Ϯ 0.9 mV and slope factor of 6.3 Ϯ 0.1 mV (n ϭ 7). When fit by an n 4 scheme, the midpoint for activation of the n particles (V hn ) was Ϫ27.6 Ϯ 0.8 mV and the slope factor (k n ) was 8.6 Ϯ 0.1 mV (n ϭ 7). The midpoint for channel opening (which for n 4 behavior corresponds to V hn ϩ 1.665 k n ) calculated from the n 4 fits was Ϫ13.3 Ϯ 0.9 mV (n ϭ 7), very close to the midpoint of the averaged data from simple Boltzmann fits. Figure 3 shows the kinetics of Kv2 current as defined by GxTX-subtraction. Just as for potassium current in the squid giant axon, Kv2 current in SCG neurons activated with a pronounced sigmoidicity and the delay in opening could be fit well by n 4 kinetics (Fig. 3A) . Fits by n 4 kinetics were very good when confined to the first 60 -70% of the rising phase of the current, but the fit to the final 30 -40% was not perfect. This deviation from simple n 4 kinetics may reflect the existence of a concerted final opening step required after all four S4 segments have activated, as proposed for Shaker potassium channels (Schoppa and Sigworth, 1998). Another deviation from n 4 kinetics was that time constants derived from activation were much less than time constants derived from deactivation at the same voltage (Fig. 3C) . 
, where V h ϭ Ϫ12.9 mV is the midpoint and k ϭ 6.2 mV is the slope factor. Solid blue line: fit to a Boltzmann function raised to fourth power,
4 , where V hn ϭ Ϫ27.4 mV is the voltage at which half of the n particles are in the activated position and k n ϭ 8.6 mV is the slope factor for activation of n particles. C, Mean Ϯ SEM for normalized conductance determined by tail current activation curves in SCG neurons (n ϭ 7). Solid red line: simple Boltzmann function 1/(1 ϩ exp Ϫ (V Ϫ V h )/k), where V h ϭ Ϫ13.1 mV and k ϭ 6.3 mV are mean values of results of separate fits in each of 7 cells (SEM values of 0.9 and 0.1 mV, respectively). 4 , where A is steady-state amplitude and n is the time constant for n particle gating. Fits are shown as red lines. B, Kinetics of deactivation. Red lines show fits to
, where A is an amplitude factor, n 0 and n ϱ are the starting and final values of n, respectively, and n is the time constant for n particle gating. C, n as a function of voltage. Mean Ϯ SEM for determinations in seven cells for activation (open circles) and seven cells for deactivation (filled squares). Blue line, n for delayed-rectifier current in squid axon at 6.3°C from Hodgkin-Huxley equations (Hodgkin and Huxley, 1952) . Green line, n for delayed-rectifier current in squid axon at 37°C calculated using a Q 10 of 3. D, Dominant time constants for activation (open circles) and deactivation (filled squares) in SCG neurons obtained by fitting the major relaxation of current by a single exponential. Activation was fit starting at 35% of the rise (to avoid the lag) and deactivation was fit to the final 80% of the decay.
For example, at Ϫ20 mV, n from activation fits was 6.1 Ϯ 0.9 ms, whereas n from deactivation was 26.4 Ϯ 2.1 ms (n ϭ 7). This deviation from n 4 kinetics may also reflect a concerted final and closing step. Therefore, although n 4 kinetics are useful for capturing the sigmoidicity of channel opening, they are likely not optimal for describing deactivation. We therefore also analyzed the kinetics of activation and deactivation in a less modeldependent manner by fitting single time constants to the main components of relaxations in activation and deactivation (Fig.  3D) , ignoring the initial lag in activation. Here, there was much closer correspondence between activation and deactivation time constants (at Ϫ20 mV, act ϭ 29.5 Ϯ 32 ms, deact ϭ 21.9 Ϯ 1.8 ms; Fig. 3D ).
Computational models for the electrical behavior of neurons often begin by using conductances based on the Hodgkin-Huxley equations for gating of sodium and potassium channels in the squid axon. It is striking how much slower the dominant delayedrectifier potassium current in rat SCG neurons is compared with the delayed-rectifier current in the squid axon. In fact, as shown by the comparison in Figure 3C , the kinetics of Kv2 current in rat SCG neurons recorded at 37°C are slower (e.g., n of 4.1 Ϯ 0.5 ms at Ϫ10 mV) than potassium current in the squid axon recorded near 6°C ( n of 1.9 ms at Ϫ10 mV). The difference is even more dramatic when compared with squid current rates adjusted to 37°C with a Q 10 of 3 ( n of 66 s at Ϫ10 mV).
Effects of GxTX-1E on action potentials and repetitive firing in SCG neurons
We next used GxTX-1E to explore the contribution of Kv2 channels to action potential repolarization and repetitive firing in SCG neurons. Injection of a 50 pA current for 500 ms elicited repetitive firing that was maintained throughout the current injection, with an average frequency of approximately 40 Hz (Fig.  4A) . Inhibition of Kv2 channels with 100 nM GxTX-1E had no effect on the rising phase of the first action potential or its peak, but produced widening of the action potential and a substantial reduction in the trough voltage reached after the first spike before depolarization to the second spike began. In collected results (Fig.  4B) , the first spike broadened by an average of 38 Ϯ 5%, from 2.12 Ϯ 0.08 ms in control to 2.94 Ϯ 0.17 ms in 100 nM GxTX-1E (n ϭ 26; p ϭ 1.7 ϫ 10 Ϫ7 ), showing that Kv2 current plays an important role in action potential repolarization in SCG neurons at physiological temperature. The broadening of the action potential was accompanied by a reduction in the maximum downstroke velocity of the falling phase, which corresponds to the maximum outward current flowing during the falling phase. On average, the maximum downstroke velocity decreased by 25 Ϯ 2%, from 55.4 Ϯ 1.8 mV/ms in control to 41.8 Ϯ 2.2 mV/ms in 100 nM GxTX-1E (n ϭ 26; p ϭ 2.2 ϫ 10 Ϫ9 ). However, the most dramatic effect of blocking Kv2 channels with GxTX-1E was a depolarizing shift of the trough after the first action potential (Fig. 4 A, E) , which depolarized by an average of 9.2 Ϯ 1.3 mV, from Ϫ64.5 Ϯ 0.8 mV in control to Ϫ55.3 Ϯ 1.6 mV in 100 nM GxTX-1E (n ϭ 26, p ϭ 9 ϫ 10 Ϫ8 ). In some SCG neurons, such as the one shown in Figure 4A , blocking Kv2 channels produced an increase in the initial frequency of firing (Fig. 4C) , as might be expected from block of a potassium conductance that helps to deepen the afterhyperpolarization. However, this was not seen in all neurons and, on average, the initial firing rate for a 50 pA current injection increased only slightly, from 40.7 Ϯ 1.5 Hz in control to 43.7 Ϯ 2.0 Hz in 100 nM GxTX-1E (n ϭ 26, p ϭ 0.005). By itself, the reduction in Kv2 current during the falling phase and the resulting depolarization of the trough voltage after the first spike would be expected to speed the excitation of the second action potential. However, the depolarization of the trough voltage could also result in reduced recovery of sodium channels from inactivation, which would limit the sodium current able to contribute to the rising phase of the second spike and therefore could result in slowed firing. Apparently, in most SCG neurons, these counteracting effects more or less offset each other during the first interspike interval so that initial firing frequency did not change much. Consistent with a substantial reduction in sodium current during the second spike, the maximum upstroke velocity of the second spike was reduced by 41 Ϯ 4%, from 194 Ϯ 9 mV/ms in control to 115 Ϯ 10 mV/ms in 100 nM GxTX-1E (n ϭ 26; p ϭ 1 ϫ 10 Ϫ9 ). This decline is in contrast to the upstroke velocity of the first spike, which was essentially unchanged by GxTX-1E (272 Ϯ 12 mV/ms in control and 268 Ϯ 13 mV/ms in 100 nM GxTX-1E; n ϭ 26; p ϭ 0.2).
Action potentials and firing rate were affected much more strongly by GxTX-1E at later times during repetitive firing. In the example shown in Figure 4A , although firing in the presence of GxTX-1E was faster at the beginning of the 500 ms stimulation period, it was substantially slower than control at the end of the stimulation. In collected results, the firing frequency during the last 200 ms of a 50 pA 500 ms stimulation was reduced by 34 Ϯ 7%, from 33 Ϯ 11 Hz in control to 22 Ϯ 3 Hz in 100 nM GxTX-1E (n ϭ 26; p ϭ 0.00013). This reduction in maintained firing frequency by GxTX-1E can likely be attributed to reduction in avail- Figure 4 . Effect of GxTX-1E on repetitive action potential firing in a rat SCG neuron. A, Effect of 100 nM GxTX-1E on firing evoked by a 500 ms 50 pA current injection. B, Effect of 100 nM GxTX-1E on the width of the first action potential (measured at midpoint) during firing evoked by 50 pA current injections. Connected gray circles show changes in individual cells; connected black circles show mean values Ϯ SEM. Average spike width was 2.12 Ϯ 0.08 ms in control and 2.94 Ϯ 0.17 ms in 100 nM GxTX-1E (n ϭ 26; p ϭ 1.7 ϫ 10 Ϫ7 ). C, Effect of 100 nM GxTX-1E on initial firing frequency (measured from first two spikes) for 500 ms current injections. D, Effect of 100 nM GxTX-1E on number of spikes (defined as having amplitude Ͼ40 mV) in the 500 ms current injection period. E, Effect of 100 nM GxTX-1E on membrane potential of the first trough.
able sodium current as a result of progressively more depolarized interspike intervals. As noted, even after the first spike, the trough voltage in 100 nm GxTX-1E was depolarized relative to control by 9.2 Ϯ 1.3 mV (from Ϫ64.5 Ϯ 0.8 mV to Ϫ55.3 Ϯ 1.6 mV) and this effect was somewhat greater in subsequent interspike intervals (in the third interspike interval, depolarization by 11.5 Ϯ 1.3 mV from Ϫ63.2 Ϯ 0.9 mV in control to Ϫ51.6 Ϯ 1.6 mV in GxTX-1E and in the fifth interspike interval, by 12.1 Ϯ 1.2 mV from Ϫ62.6 Ϯ 0.9 mV in control to Ϫ50.5 Ϯ 1.5 mV in GxTX-1E). This effect continued throughout the 500 ms stimulation period and the trough voltage preceding the last spike in the series was depolarized by 11.4 Ϯ 1.2 mV, from Ϫ60.1 Ϯ 1.0 mV in control to Ϫ48.7 Ϯ 1.4 mV in 100 nM GxTX-1E (n ϭ 26; p ϭ 6.2 ϫ 10 Ϫ10 ). Consistent with this maintained depolarization of interspike voltages leading to inactivation of sodium channels, the maximum upstroke velocity of the last spike was reduced by 63 Ϯ 4%, from 106 Ϯ 9 mV/ms in control to 39 Ϯ 5 mV/ms in 100 nM GxTX-1E (n ϭ 26; p ϭ 3.3 ϫ 10 Ϫ8 ). These results suggest that the ability to maintain repetitive firing of full-blown action potentials is reduced after block of Kv2 channels as a consequence of more depolarized voltages between spikes, which in turn results in less recovery from inactivation of sodium channels. This behavior was especially pronounced for larger current injections in which, after blocking of Kv2 channels, the ability to maintain firing during a 500 ms current injection was greatly reduced as a consequence of cells entering depolarization block. The total number of spikes firing during the 500 ms stimulation period dropped sharply in the presence of GxTX-1E for large current injections (Fig. 4D) . In collected results, the maximum number of spikes that could be stimulated by any size current injection during a 500 ms stimulation period was reduced by 42 Ϯ 5%, from 27 Ϯ 2 spikes in control to 17 Ϯ 2 spikes in 100 nM GxTX-1E (n ϭ 28; p ϭ 9.9 ϫ 10 Ϫ10 ), and the magnitude of the current injection at which the maximum spiking occurred was reduced from 154 Ϯ 22 pA in control to 68 Ϯ 10 pA with GxTX-1E (n ϭ 28, p ϭ 9.7 ϫ 10 Ϫ7 ), reflecting an increased propensity to go into depolarization block and stop firing.
The broadening of action potentials in SCG neurons when Kv2 channels are blocked shows a contribution of Kv2 channels to repolarization, but does not allow an estimate of their relative contribution to the overall potassium current that repolarizes the action potential. This is because even a modest broadening of the action potential when Kv2 channels are blocked could result in a large enhancement of current carried by other types of potassium channels. To quantify the contribution of Kv2 channels to ionic currents during action potentials, we did voltage-clamp experiments in which each cell's own action potentials were recorded and used as the command waveform (Blair and Bean, 2002) . We found that 100 nM GxTX-1E dramatically inhibited the outward current during the repolarization phase of action potentials (Fig.  5) . The component of total current sensitive to GxTX-1E during the action potential had a larger peak (501 Ϯ 44 pA) than the current resistant to GxTX-1E (363 Ϯ 46 pA, n ϭ 7). The GxTXsensitive current reached a peak later in the repolarization phase than the GxTX-resistant current (Fig. 5B) . In collected results, the GxTX-resistant current reached a peak at a voltage of ϩ23 Ϯ 2 mV, early in the repolarization phase, whereas the GxTXsensitive current reached a peak later in the repolarization, at a voltage of Ϫ1 Ϯ 4 mV (n ϭ 7).
These experiments also showed that the relative contribution of Kv2 current to action potential repolarization becomes progressively greater in later action potentials during repetitive firing (Fig. 5B) . On average, GxTX-sensitive current comprised 57 Ϯ 5% of the total outward current during the falling phase of the first action potential evoked by a current injection, 68 Ϯ 7% of the third action potential, and 70 Ϯ 4% of the fifth action potential (n ϭ 7). The greater relative contribution to later action potentials might reflect less susceptibility of Kv2 current to inactivation than GxTX-resistant current, which decreased substantially in the second and succeeding spikes. However, it is notable that, despite its slow activation kinetics, Kv2 current comprises the majority of overall outward current even during the first action potential. This is consistent with the large depolarizing shift of the trough voltage after the first spike seen in the current-clamp experiments.
GxTX-1E inhibits most delayed-rectifier potassium current in hippocampal CA1 neurons
Kv2 channels are prominently expressed in central neurons and knock-down experiments using antisense and dominantnegative strategies suggest that they contribute a major portion of the overall delayed-rectifier current in hippocampal and cortical pyramidal neurons (Du et al., 2000; Guan et al., 2007, 2011, Figure 5 . Effect of GxTX-1E on ionic currents during action potentials in a rat SCG neuron. A, Effect of 100 nM GxTX-1E on ionic currents evoked by action potential waveforms in voltageclamp mode. Firing in response to a current injection of 50 pA was recorded and then used as the command waveform in voltage clamp. Current evoked by the waveform was signal averaged over four sweeps before (black) and after (red) application of 100 nM GxTX-1E. Capacitative current was nulled using the capacity compensation circuitry of the amplifier. B, Action potential-evoked currents for the first (left) and third (right) action potentials shown at faster time base. Inward sodium currents are truncated. Black, Before application of GxTX-1E. Red, After GxTX-1E. Blue, Point by point subtraction of before-after to obtain GxTX-sensitive current.
2013). These studies found that loss of Kv2 current reduced the ability of the neurons to fire repetitively (Du et al., 2000; Guan et al., 2013) , but had little effect on the repolarization of single action potentials, as if Kv2 channels activate too slowly to participate in spike repolarization. However, acute block by an agent such as GxTX-1E offers a much more sensitive test of the role of Kv2 channels because it allows direct comparison of spiking behavior in the same cell before and immediately after blocking the channels, unlike population studies with long-term reduction of channel expression, in which it is hard to rule out the possibility of compensatory changes in expression of other channel types. We therefore tested the effect of GxTX-1E on potassium currents and spiking behavior in CA1 pyramidal neurons, again using a preparation of acutely dissociated neurons and making recordings at 37°C.
We first characterized the effects of GxTX-1E on total potassium current in CA1 pyramidal neurons. GxTX-1E inhibited depolarization-induced outward current in a concentrationdependent manner that showed saturation as the toxin concentration was increased (Fig. 6 A, B) . Outward current at the end of a 200 ms depolarization from Ϫ90 mV to ϩ10 mV was reduced to 54 Ϯ 3% of control by 30 nM GxTX-1E (n ϭ 11), to 34 Ϯ 4% of control by 100 nM GxTX-1E (n ϭ 10), and to 29 Ϯ 5% of control by 200 nM GxTX-1E (n ϭ 10; p Ͻ 10 Ϫ6 for all concentrations relative to control; p ϭ 0.02 for difference between 100 and 200 nM; Fig. 6C ). Therefore, ϳ70% of the total maintained outward current is blocked by GxTX-1E in a saturating manner, with 100 nM toxin producing a near-saturating effect. The block of a majority of the potassium current in CA1 neurons is consistent with a previous report that Kv2.1 underlies the major component of the delayed-rectifier potassium currents in cultured hippocampal neurons (Murakoshi and Trimmer, 1999) .
The components of current sensitive and resistant to GxTX-1E had very different kinetics. As expected for Kv2 current, the GxTX-sensitive current activated relatively slowly, whereas the GxTX-resistant current activated much more rapidly (Fig. 7A) . In collected results for a step from Ϫ70 mV to Ϫ10 mV, the time to half-maximal GxTX-sensitive current was 4.6 Ϯ 0.4 ms compared with 1.7 Ϯ 0.2 ms for the GxTX-resistant current (n ϭ 22, p ϭ 1.2 ϫ 10 Ϫ6 ). In addition, the current remaining in GxTX-1E inactivated faster and more completely during 200 ms test pulses than the GxTX-sensitive current (Fig. 7A) . We believe the GxTX-resistant current likely contains multiple components, because the speed and degree of inactivation varied considerably from cell to cell. Based on previous analysis of potassium currents in hippocampal and cortical pyramidal neurons, the GxTXresistant current includes components from Kv4 and Kv1 family subunits (Kim et al., 2005; Chen et al., 2006; Guan et al., 2007a Guan et al., , 2007b Guan et al., , 2011 Carrasquillo et al., 2012; Kim and Hoffman, 2012) . We found that some of the GxTX-resistant current could be blocked by 1 mM TEA, but this block was not selective because 1 mM TEA also clearly partially inhibited the slowly-activating slowly-deactivating GxTX-sensitive component of current. This is consistent with a previous demonstration that the Kv2-mediated current in cortical pyramidal neurons is sensitive to low millimolar concentrations of TEA (Guan et al., 2007) . Although the current remaining in GxTX-1E appeared heterogenous and varied in its kinetics from cell to cell, the GxTX-sensitive component was highly consistent in its voltage dependence and kinetics from cell to cell. Figure 7B shows a typical activation curve of GxTX-sensitive current in a CA1 pyramidal neuron, activating with a midpoint near Ϫ10 mV. As for the GxTX-sensitive current in SCG neurons, the fit was better with a Boltzmann function raised to the fourth power than with a simple Boltzmann function. In collected results for fits to an n 4 scheme, V hn was Ϫ35.3 Ϯ 0.8 mV and k n was 16.5 Ϯ 0.9 mV (n ϭ 20). Figure 7C shows an activation curve constructed from averaged data in 20 CA1 pyramidal cells. The voltage dependence of the collected data was described fairly well by a simple Boltzmann curve constructed from the averaged midpoints and slope factors of the individual cells, with a midpoint of Ϫ11.2 Ϯ 1.3 mV and slope factor of 10.4 Ϯ 0.5 mV (n ϭ 20). This voltage dependence is generally similar to that of Kv2 current in neocortical pyramidal neurons defined by stromatoxin block (midpoint Ϫ3 mV, slope factor 10.5 mV; Guan et al., 2007) and a component of current in globus pallidus neurons with slow deactivation proposed to be Kv2 mediated (midpoint Ϫ18 mV, slope factor 7 mV; Baranauskas et al., 1999) . Figure 8 shows the kinetics of the GxTX-sensitive current in CA1 pyramidal neurons. We did not describe the time course of activation with n 4 kinetics because the fits were generally imperfect even if confined to the initial rising phase. However, the main part of the rising phase could be fit quite well with a single exponential function. Figure 8A shows fits to the rising phase starting at 35%, avoiding the initial lag. This dominant time constant of activation was strongly voltage dependent, decreasing from 8.5 Ϯ 0.8 ms at Ϫ10 mV to 1.5 Ϯ 0.1 ms at ϩ30 mV (n ϭ 20). The dominant time constant of activation was somewhat faster in CA1 neurons than in SCG neurons (at Ϫ10 mV, 8.5 Ϯ 0.8 ms in CA1 vs 13.3 Ϯ 1.5 ms in SCG neurons and at ϩ30 mV, 1.5 Ϯ 0.1 ms in CA1 vs 2.8 Ϯ 0.2 ms in SCG neurons; n ϭ 20 for CA1 and n ϭ 7 for SCG). Interestingly, however, the time constant of deactivation was substantially longer in CA1 pyramidal neurons than in SCG neurons (at Ϫ50 mV, 17.9 Ϯ 1.1 ms in CA1 vs 5.8 Ϯ 0.6 ms in SCG; n ϭ 20 for CA1 and n ϭ 7 for SCG).
Effect of GxTX-1E on action potential shape in hippocampal CA1 neurons
We next tested the effects of GxTX-1E on action potentials and firing behavior in current-clamp recordings from hippocampal CA1 neurons. An initial observation was that whether or not GxTX-1E broadened the action potential depended on the membrane potential from which the action potential was elicited. Figure 9 shows the effect of GxTX-1E on action potentials evoked from Ϫ80 mV (left) or Ϫ70 mV (right). In either case, GxTX-1E had no effect on the action potential threshold or on the rising phase of the action potential, as expected from the slow kinetics of activation of Kv2 current. For action potentials evoked from Ϫ80 mV, there was no effect on the initial phase of repolarization, but the late phase of repolarization was slowed and the trough voltage reached after the spike was substantially less negative in the presence of GxTX-1E (Fig. 9A) . In collected results for action potentials evoked from near Ϫ80 mV, the width of the action potential measured at half-maximum was not significantly altered by GxTX-1E (control, 0.83 Ϯ 0.04 ms; GxTX-1E, 0.89 Ϯ 0.04 ms, n ϭ 7; p ϭ 0.12), but the trough after the action potential depolarized by 8.6 Ϯ 1.9 mV, from Ϫ74.9 Ϯ 1.7 mV in control to Ϫ66.3 Ϯ 2.1 mV in 100 nM GxTX-1E (n ϭ 7; p ϭ 0.005). These results suggest that from holding potentials near Ϫ80 mV, potassium currents other than Kv2 produce the initial repolarization before Kv2 currents are able to activate. However, Kv2 channels clearly activated significantly in the late phases of repolarization, because blocking them does strongly affect the trough voltage immediately after the spike.
The resting potential of CA1 pyramidal neurons can vary between approximately Ϫ65 to Ϫ85 mV (Spruston and Johnston, 1992; Fricker et al., 1999; Staff et al., 2000; Kaczorowski et al., 2007) . When action potentials were evoked from near Ϫ70 mV rather than Ϫ80 mV, blocking Kv2 channels with GxTX-1E had no effect on approach to threshold or the rising phase of the action potential, but did produce a slowing of repolarization even in the early phases so that the width of action potential at halfmaximum amplitude was significantly increased by GxTX-1E (Fig. 9B) . In collected results for action potentials elicited from near Ϫ70 mV, the width of the spike increased from 1.02 Ϯ 0.06 ms in control to 1.30 Ϯ 0.08 ms in 100 nM GxTX-1E (n ϭ 7, p ϭ 0.005; Fig. 9C ). Therefore, there is a more prominent role of Kv2 channels during early spike repolarization when spikes are evoked from Ϫ70 mV than from Ϫ80 mV. A possible explanation is that potassium current from other types of potassium channels is more prominent for early repolarization for spikes evoked from Ϫ80 mV compared with Ϫ70 mV as a consequence of partial steady-state inactivation at Ϫ70 mV. Such inactivation of potassium currents is consistent with the substantially broader spikes evoked from Ϫ70 mV (1.02 Ϯ 0.06 ms) compared with spikes evoked from Ϫ80 mV (0.83 Ϯ 0.04 ms, n ϭ 7; p ϭ 0.04). This effect is consistent with previous evidence for a major role of I A in repolarization of action potentials in CA1 pyramidal neurons (Kim et al., 2005; Andrásfalvy et al., 2008) and it is also possible that steady-state inactivation of other channel types such as Kv1 family (D-type) or Kv3 family channels could be involved. These results show that the relative role of Kv2 channels in early action potential repolarization in CA1 pyramidal neurons depends on resting potential, with a significant role in early repolarization for action potentials elicited from Ϫ70 mV. However, even for the narrower action potentials evoked from near Ϫ80 mV, blocking Kv2 channels with GxTX-1E caused dramatic slowing of the late phase of repolarization and a more depolarized trough voltage after the spike. Therefore, even in this case, Kv2 channels are activated during the action potential, although activation is not substantial until the late phase of repolarization.
GxTX-1E increases initial firing frequency but inhibits maintained firing in hippocampal CA1 neurons
As in SCG neurons, the effects of blocking Kv2 channels with GxTX-1E in CA1 pyramidal neurons were most dramatic during repetitive firing evoked by maintained current pulses; an example is shown in Figure 10A . GxTX-1E had little effect on the rising phase or peak of the first action potential. However, there was a dramatic effect on subsequent firing. In control, steady firing was maintained throughout the 500 ms period with little change in action potential peaks and troughs. However, in the presence of GxTX-1E, there was a progressive reduction of spike height accompanied by increasingly depolarized trough voltages. By the end of the 500 ms period of current injection, firing of spikes had ceased completely and there were only small oscillations of membrane potential around an average voltage of approximately Ϫ45 mV. Therefore, the ability to fire in a maintained manner is greatly diminished with loss of Kv2 current.
The changes in firing behavior induced by GxTX-1E in hippocampal CA1 pyramidal neurons during long current pulses are illustrated in Figure 10 , B-E, plotted as a function of stimulating current. The initial firing rate was faster after blocking Kv2 channels. This effect was larger for larger current injections, so that there was an increase in the slope of the frequencycurrent curve after blocking Kv2 channels (Fig. 10B) . For the neuron shown in Figure 10 , the initial firing frequency under control conditions reached a maximum of 105 Hz, which was achieved with a 180 pA current injection. After blocking Kv2 channels, the maximal frequency was higher (136 Hz) and was achieved by a much smaller current injection (90 pA). The increased initial firing frequency with GxTX-1E was seen in all cells. In collected results, the initial firing rate for a 40 pA current injection increased from 46 Ϯ 3 Hz in control to 67 Ϯ 6 Hz in 100 nM GxTX-1E (n ϭ 6, p ϭ 0.003).
The firing frequency averaged over the entire 500 ms period of current injection also increased after blocking Kv2 channels (Fig. 10C ), but less dramatically and only for small and moderate current injections, up to ϳ40 -50 pA. For larger current injections, the number of spikes during the 500 ms current injection dropped sharply after blocking Kv2 channels as a result of the fade-out of firing later in the pulse, as illustrated in Figure 10A .
The inability to maintain firing with large current injections after block of Kv2 channels was associated with progressive depolarization of the membrane voltage between spikes beginning with the voltage after the first spike (Fig. 10D) . The trough after the first spike changed from Ϫ76 Ϯ 2 in control to Ϫ68 Ϯ 2 mV in GxTX-1E (for a 40 pA current injection, n ϭ 7; p ϭ 0.009). As a consequence of the depolarization of the interspike voltage, block of Kv2 channels also resulted in depolarization of the average membrane potential during the entire 500 ms current injection (Fig. 10E) . In collected results, the average membrane voltage during a 40 pA current injection depolarized from Ϫ64 Ϯ 1 mV in control to Ϫ56 Ϯ 2 mV in GxTX-1E (n ϭ 7, p ϭ 0.003). The depolarization of average membrane potential was correlated with the inability to maintain firing. As can be seen by comparing Figure 10 , C and E, both in control and after blocking Kv2 channels, firing failed when an average membrane potential of approximately Ϫ45 mV was reached. This occurred for much smaller current injections after blocking Kv2 channels. Figure 9 . Effect of GxTX-1E on action potentials in mouse hippocampal CA1 neurons. A, Effect of 100 nM GxTX-1E on action potentials evoked by a 40 pA current injection from a membrane potential near Ϫ80 mV. B, Effect of 100 nM GxTX-1E on action potentials evoked by a 90 pA current injection from a membrane potential near Ϫ70 mV. The action potential with 100 nM GxTX-1E activated slightly earlier due to a slightly (ϳ1 mV) more depolarized membrane potential; to better compare the shapes, it has been shifted by 160 s so that the rising phases align. C, Effect of 100 nM GxTX-1E on the width of action potentials evoked from near Ϫ80 mV or Ϫ70 mV. Width was measured at half-amplitude of the action potential measured from the depolarizing phase. Measurements were made for action potentials evoked by a current injection of 50 pA. Connected gray circles show changes in individual cells; connected black circles show mean values. For Ϫ80 mV data, control mean was 0.83 Ϯ 0.04 ms and GxTX mean was 0.89 Ϯ 0.04 ms, n ϭ 7; p ϭ 0.12. Average V m before current injection was Ϫ79.5 Ϯ 0.8 mV. For Ϫ70 mV data, control mean was 1.02 Ϯ 0.06 ms and GxTX mean was 1.30 Ϯ 0.08 ms; n ϭ 7, p ϭ 0.005. Average V m before current injection was Ϫ68.2 Ϯ 0.5 mV. D, Effect of 100 nM GxTX-1E on the trough after the action potential for action potentials evoked from near Ϫ80 mV or Ϫ70 mV (same action potentials as in C). Trough was measured at the most negative voltage after the spike. Measurements were made for action potentials evoked by a current injection of 50 pA. Connected gray circles show changes in individual cells; connected black circles show mean values. For Ϫ80 mV data, control mean was Ϫ74.9 Ϯ 1.7 mV and GxTX mean was Ϫ66.3 Ϯ 2.1 mV, n ϭ 7; p ϭ 0.005. For Ϫ70 mV data, control mean was Ϫ75.8 Ϯ 1.2 mV and GxTX mean was Ϫ64.7 Ϯ 2.4 mV; n ϭ 7, p ϭ 0.001.
With Kv2 channels blocked by GxTX-1E, the association of the fade-out of firing during a maintained current injection with progressive depolarization of the interspike voltages suggests that the loss of firing reflects progressive inactivation of sodium channels as a result of the progressive depolarization between spikes, similar to the results in SCG neurons. Kv2 channels thus appear to be critical for producing sufficiently negative afterhyperpolarizations to allow recovery of sodium channels and to prevent depolarization block.
Discussion
Efficacy and selectivity of GxTX-1E Our results suggest that GxTX-1E can be used as an effective and reasonably selective inhibitor of Kv2 channels in mammalian neurons. The initial characterization of GxTX-1E showed inhibition of cloned Kv2.1 and Kv2.2 channels with an IC 50 of 2-5 nM, with somewhat weaker effects on native delayed-rectifier current in pancreatic ␤ cells (Herrington et al., 2006) . Our results show comparable sensitivity of native Kv2 currents in hippocampal neurons and SCG sympathetic neurons, with near-saturating effects of 100 nM GxTX-1E on delayed rectifier current in both cell types.
GxTX-1E was previously found to have no effect on cloned Kv1.2, Kv1.3, Kv1.5, Kv3.2, or BK calcium-activated channels or any of several types of cloned voltage-dependent sodium and calcium channels tested (Herrington et al., 2006) . Our results showed a small effect on the native sodium current in SCG neurons (7% inhibition at 100 nM GxTX-1E) and no effect on calcium current.
GxTX-1E also has blocking activity against Kv4 family channels (Herrington et al., 2006) , which generate I A in the cell bodies and dendrites of mammalian neurons, including SCG and CA1 pyramidal neurons (Malin and Nerbonne, 2001; Kim et al., 2005 Kim et al., , 2007 Whyment et al., 2011) . GxTX-1E inhibits heterologously expressed Kv4.3 channels with an IC 50 of 24 -54 nM (Herrington et al., 2006) . Interestingly, inhibition of native I A in SCG neurons was considerably weaker (8% by 100 nM . This may reflect weaker block of Kv4.2 or K4.1 compared with Kv4.3 or the influence of accessory subunits. These results suggest 100 nM GxTX-1E as an optimal concentration to use in current-clamp experiments, with nearly saturating effects on Kv2 but minimal effects on I A .
Although it is difficult to rule out small effects of GxTX-1E on other native channels in addition to Kv2, the totality of evidence suggests that any such effects must be small. First, the GxTXsensitive current had well defined characteristics expected of Kv2 channels, including slow activation and slow deactivation. Second, the component of current blocked by GxTX-1E showed saturation between 100 and 200 nM toxin. Third, the voltage dependence and kinetics of the GxTX-sensitive current were highly uniform among the cells of each type and were dramatically different from the GxTX-1E-resistant current, which was much more variable from cell to cell. Finally, a high degree of selectivity is suggested by the lack of effect of GxTX-1E on the threshold of action potentials or on the initial falling phase (up to the midpoint) in CA1 neuron action potentials evoked from Ϫ80 mV.
GxTX-1E has clear advantages compared with stromatoxin, the blocker previously used to study Kv2 in neurons (Guan et al., 2007) , including higher potency for Kv2 block and much weaker block of Kv4 (blocked by stromatoxin with an IC 50 of ϳ1 nM; Escoubas et al., 2002) . Both toxins inhibit Kv2 channels by shifting activation to more depolarized voltages (Escoubas et al., 2002; Herrington et al., 2006) , but, whereas stromatoxin inhibition can be relieved in a time-dependent manner during depolarizations positive to ϩ10 mV (Escoubas et al., 2002) , making it difficult to perform accurate subtractions to define Kv2 current, we saw no such relief of GxTX-1E inhibition during 200 ms depolarizations to voltages up to ϩ40 mV (though relief was evident positive to ϩ50 mV).
Influence of Kv2 channels on excitability
Understanding how Kv2 channels influence excitability is of particular interest because of accumulating evidence that Kv2-mediated current in central neurons is unusually dynamic. Kv2 channels are subject to a remarkable range of modulatory influences that can alter functional expression (Misonou et al., 2004; O'Connell et al., 2010; Fox et al., 2013) through regulation by phosporylation (Murakoshi et al., 1997; Mohapatra et al., 2007; Cerda and Trimmer, 2011; Ikematsu et al., 2011 ), sumoylation (Plant et al., 2011 , and nitric oxide-associated pathways (Steinert et al., 2011) . This modulation can mediate plasticity of neuronal firing (Mohapatra et al., 2009; Nataraj et al., 2010; Steinert et al., 2011) , although, in general, it is difficult to be certain that changes in firing from modulatory influences are exclusively due to changes in Kv2.
At least in cultured neurons, many Kv2 channels appear to be nonconducting (Fox et al., 2013) encing action potential width and strongly regulating repetitive firing.
In SCG neurons, the action potential clamp experiments showed that Kv2 channels activate significantly soon after the peak of the action potential and carry approximately half of the total outward current during repolarization. Accordingly, GxTX-1E produced substantial broadening of SCG action potentials. These results at 37°C buttress previous evidence showing broadening of SCG action potentials at room temperature with Kv2 reduction by a dominant-negative strategy (Malin and Nerbonne, 2002) .
In CA1 pyramidal neurons, GxTX-1E produced significant broadening of action potentials (at half-amplitude) when spikes were elicited from Ϫ70 mV, but not of the narrower spikes evoked from Ϫ80 mV. However, even for spikes evoked from Ϫ80 mV, inhibiting Kv2 resulted in a substantial (ϳ8 mV) depolarization of the trough voltage after a spike, similar to the average ϳ9 mV depolarization of the trough voltage in SCG neurons. Therefore, Kv2 channels are clearly activated by the time spike repolarization is complete in both cases. The powerful contribution of Kv2 conductance to the trough voltage likely reflects its slow deactivation kinetics. In CA1 neurons, it is striking that Kv2 channels play a major role in regulating trough voltages even in conditions when they contribute negligibly to early repolarization.
These results show that even though Kv2 channels activate relatively slowly, they can still be activated during single action potentials and can help to control spike width in CA1 pyramidal neurons for spikes evoked from near Ϫ70 mV (with halfmaximal width ϳ1 ms at 37°C). Even though only a small fraction of Kv2 channels are likely to be activated at the time of half-repolarization, the very large amplitude of maximal Kv2 current means this partial activation can be significant. An even more striking example of the importance of Kv2 channels for spike repolarization was reported for auditory neurons in the ventral and medial nuclei of the trapezoid body, in which loss of Kv2.2 channels resulted in substantial spike broadening even for much narrower (0.3-0.5 ms) spikes (Tong et al., 2013) .
Variable effects of Kv2 on initial firing frequency
The complex effects of inhibiting Kv2 current on firing frequency reveals the impossibility of making a simple statement about how upregulating or downregulating the expression of Kv2 channels will alter neuronal excitability. In CA1 neurons, inhibition of Kv2 channels resulted in an enhancement of initial firing frequency for moderate levels of stimulation, as intuitively expected from inhibition of voltage-dependent potassium current. However, the enhancement of initial firing frequency was minimal in sympathetic neurons, apparently because the depolarization of the trough after the first spike reduced the fraction of sodium channels able to recover from inactivation, tending to slow firing of the second spike. What effect a more depolarized trough has on subsequent action potentials likely depends on the details of the sodium channels in the neuron, including voltage dependence of inactivation, kinetics of recovery from inactivation, and what fraction of sodium channels is needed to generate an action potential with a rapid rising phase. CA1 pyramidal neurons have an "excess" of sodium channels in the sense that inhibition of a substantial fraction of sodium channels by TTX has almost no effect on action potential generation (Madeja, 2000) . Therefore, reduced recovery from inactivation of sodium channels may have relatively little effect until the loss of available sodium channels is severe.
The most dramatic effect of Kv2 channel inhibition was early failure of repetitive firing for moderate and strong current injections, which was seen in both cell types. Our results using GxTX-1E block adds to previous results using knock-out, antisense, and dominant-negative strategies to suggest an importance of Kv2 channels for enabling repetitive firing that extends over a wide range of neuronal types (Du et al., 2000; Malin and Nerbonne, 2002; Guan et al., 2013; Tong et al., 2013) . Our data also fit well with previous proposals (Johnston et al., 2010; Guan et al., 2013; Tong et al., 2013 ) that the key factor of Kv2 activation to enable repetitive firing is to promote strong afterhyperpolarization as a consequence of slow deactivation. We find that this effect of Kv2 activation is prominent even after the first action potential in a train and is maintained during firing over half a second. A strong hyperpolarization from Kv2 channels is apparently critical to permit sufficient recovery from inactivation of sodium channels to generate subsequent action potentials and, in its absence, many types of neurons are unable to maintain repetitive firing in a normal manner.
